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INTRODUCTION 


The Natick Development Center is responsible for the 
development of advanced items of equipment and supplies (such as 
protective clothing, field support equipment, health and welfare 
items, etc.) for the Army. In an effort to provide uniformity and 
interchangeability, they are investigating the use of numerical 
control (NC) equipment in the manufacturing process. 


During the development of the feviac walwet: Natick scouted 
both Government and industrial facilities for the capability of 
manufacturing mold sets on NC equipment and ultimately awarded the 
contract to the Industrial Operations Directorate, Picatinny 
Arsenal (later the Technical Support Directorate, ARRADCOM). 
Picatinny’s proposal was based on the manufacture of the helmet 
molds on a Kearny & Trecker Model II, four-axis machining center 
using APTLFT/FMILL on a CDC 6500 computer. 


DISCUSSION 
Phase 1 — Digitizing 


During initial phase of the project, the helmets were 
digitized on a Boice three-axis coordinate measuring machine with a 
special probe and an inspection tape. Each helmet was placed on 
a fixture supported on three pins, and the flat surface of the 
brim was probed and adjusted until it was parallel with the surface 
of the machine table. The zero point of the helmet was the mold 
mark at the top center; the other mold marks were used to set the X 
and Y axes. The data developed were punched directly onto paper 
tape compatible with the CDC 6500 computer located at Picatinny. 
The only problem encountered in digitizing was that each helmet had 
to be set up twice because of bounce in one axis of the inspection 
machine. Passes were made at 1/4-inch intervals, 50/1000 of an 
inch apart. 


Analysis of the data revealed that the ratios among the 
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helmets were close, but those of the three axes were slightly ° 
different. Scaling from one helmet to the other yielded data $ 
which, when plotted, gave curves almost identical to those plotted j 
from the Boice inspection machine data. The ratios developed are a 
shown in table l. 3 
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Table 1. Axis ratios 


Axis Small Med Large 
x 0.9746 1.0 1.0602 
Y 0.9754 1.0 1.0543 
Z 0.9775 1.0 1.0449 


Phase 2 ~ Transforming Data 


During the second phase, the data acquired during Phase 1 were 
transformed into usable form from which surfaces could be 
generated. FMILL, a computer program written in FORTRAN IV by the 
Boeing and Rohr Corporation for use in the aerospace industry, was 
contributed by Boeing to the APT library. The Boeing version of 
FMILL, modified by the Naval Ship R&D Center, Bethesda, MD, was 
used to develop machining surfaces for the Natick helmet project. 
Samples of these data in both the original and the modified format 
are included in appendixes A and B. 


In order to conform to FMILL rules and to allow smooth 
surfaces to be fit through the data points, the data had’ to be 
broken down into small patches. Since FMILL allows no more than 
1000 data points to a surface with the same number of points on 
each curve, the initial patch covered too large an area and caused 
unacceptable reversals on the surface. Rather than splaying out, 
the reversals appeared as changes in the curves where the surface 
normals crossed each other. This was caused by two factors: use 
of empirical data and inate problems in the surface generation 
system. Empirical data drawn from helmets allowed for small errors 
on the coordinate values of a point due either to a small blemish 
on the helmet or a small bounce in a measuring machine axis. With 
an error of only a few thousandths and points so close together, 
reversals appeared and points had to be weeded out to smooth the 
curves. 


In order to develop smooth surfaces, the FMILL routine placed 
certain requirements on the data: 


1. A limit of 1000 points 
2. The same number of points on each curve 


3. A surface basically rectangular in projections 


It was this last requirement that necessitated breaking the data 
into patches. If the data covered too large a bend in a surface, 


the curves would develop bumps or reversals. By breaking the data 
into patches and overlapping a few points in each axis, smooth 
blending occurred. 


Appendix C is a sample FMILL output listing. Using the output 
from the first FMILL runs, it was possible to break the helmet into 
acceptable patches (over 30) which would blend together and supply 
a smooth overall surface (fig. 1). The patches that were input 
into FMILL as a series of points on curves combined with tolerance 
and machining data were output as a series of master dimensional 
identifiers (MDI’s). MDI’s are generated by requesting a certain 
number of curves between each of the existing curves and between 
points on the curves. The number of points on each MDI is 
dependent on the chord height requirement set on the FMILL input 
(app B). 


The output from FMILL is a series of points with surface 
normal vectors along the newly generated MDI’s. These MDI’s are 
used in conjunction with APTLFT, APT, and a postprocessor to 
develop the machining tape to cut the required part. 


Phase 3 - Programming 


During phase three of the project, the FMILL output data was 
programmed for the Kearney & Trecker Milwaukee-Matic Model II, 
four-axis machining center. The four~axis machine was selected for 
two reasons: to allow for an undercut on the force plug and to 
machine the 0.003-inch clearance on the thick wall of the force 


plug. 


Complete machining of the die cavity and the helmet surface of 
the force plug was done in a three-axis mode. Using ball endmills 
made this possible as APTLFT positioned the center of the ball on 
the surface normal at a distance of the radius specified in the 
cutter statement. Four-axis programming and machining are only 
possible when the Y component of the surface normal is zero, which 
occurs on the side of the force plug when the thickness edge is 
machined for the mold. Neither four nor five-axis programming 
could be used on the die because neither would allow the tool to 
cut the part without violating the edges of the die. Neither was 
five-axis programming of the force plug beneficial because it would 
cause the actual surface of the helmet to be cut with the center of 
the endmill. At the center of the endmill the surface feet-per- 
minute is zero, which causes 2xcessive wear and does not yield as 
good a surface because the material is not removed at the proper 
rate. 


Before actual programming could begin, tooling requirements 
and fixture positioning were determined. Three sizes of ball 
endmills (1/4 in., 1/2 in., and 1-1/2 in.) were required to machine 
the force plug, while only one size (1-1/2 in.) was required for 
the cavity half of the mold. Selection of the tools was based on a 
combination of the corner radii required and the need to avoid 
removing too much metal with a small cutter. See figure 2 for 
cutter application on the force plug. 


To test the feasibility of cutting the required shapes on NC 
machines, the initial stage of machining was done in wood, first in 
pine (to determine the problem areas), then in mahogany. The 
mahogany molds were used to vacuum-form polycarbonate sheet into 
models which were used to check the validity of the machined 
surfaces (see figs. 4 and 5). 


The parts were programmed carefully to assure that the cutter, 
while cutting one part of the surface, was not violating another 
part. Plotting the curves with both a zero cutter diameter and the 
true cutter diameter displayed problems that could have violated 
the same surface, forward and rear. 


Zero cutter plots yielded the actual surface that was machined 
and the plots with the proper cutter diameter yielded the center 
line of the cutter. With these curves on the same plot, the 
distance between the two curves was the cutter radius which 
normally remains constant. The check of the cutter radius was made 
in areas where FMILL surface normals were suspect. 


Checking for violation of another surface sas a somewhat 
different matter; plotting of the two surfaces was not practical 
and did not resolve the problem. This was the main flaw that 
surfaced in using APTLFT/!MILL for programming the helmets. There 
is no method for bounding geometry in APTLFT/FMILL; this is left to 
the programmer. As a result, numerous calculations along adjacent 
surfaces which did not have smooth blend (side-to-ear, front-to- 
peak, back-to-ridge, and the opposite) were required. To overcome 
this situation, definitive boundary lines were developed by visual 
inspection of the Boice inspection machine data which determined 
the breaking points; that is, where the data changed from side-to- 
ear or front-to-brim. By using these data curves, FMILL output 
points and surface normals, and the required cutter diameters, 
calculations were made to establish how far each cutter could be 
used on each surface without violating the next surface. Using the 
X, Y, and Z components of the surface normals in the vicinity of 
the boundaries, calculations were made to determine when a ball 
endmill of eacn of the various sizes used would violate these 
boundaries. 


These calculations allowed selective cutting on the MDI’s 
close to the adjoining surfaces (fig. 1 and app. D). This method 
allowed the surfaces to be bounded and reduced the number of cuts 
required on the smaller cutters. 


Phase 4 - Machining 


The final phase of the project was machining the contours in 
both wood and steel. The major problem areas encountered were: 


1. Availability of machine time 

2. Tooling 

3. Amount of tape required 

4. Operator skill and time 

Machine time was very difficult to obtain for two reasons: 

During the manufacture of the helmet molds, the mold cutting was 
frequently pre-empted by higher priority jobs. These interruptions 
caused delays due not only to the time required by the high 
priority work, but also to the time required to reorient the 


programmer and the operator to the cutting status when the last cut 
was terminated. 


The second problem in gaining machine time was excessive 
downtime on the machine tool. During the manufacture of the helmet 
molds the machine was down for: 

1. Spindle clutches 

2. Reader malfunctions 

3. Rotary table jumping 

4. Axis vibration 

5. Air conditioner problems 
6. Control unit problems 

These problem: often precipitated weeks of the machine’s 
sitting idle with tapes, operator, and material available. 
Roughing the parts on NC latches was planned, but had to be 
accomplished conventionally due to a shortage of machine time on 
the J&L 18 lathe, the only NC lathe capable of roughing the large 


work. Consequently, the extra material left on the parts required 
a large amount of roughing on the NC mill. 
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The milling cutters’ requirements for 1/4 inch, 1/2 inch, and . 
1-1/2 inch ball endmills were determined; however, the lack of 
carbide in the industry at that time necessitated using high speed 
steel endmills. The amount of roughing required on the molds 
caused a great amount of tooling wear. A larger number of large 
ball endmills were used than planned, and some downtime was 
experienced waiting for delivery. Toward the end of the project, 
carbide ball endmills were made available and two (1 1/2-inch size) 
were purchased. The only limitation on these endmills is the 
length. With the lengths currently.available, complete cutting can. 
be done on the force plug, but only 2/3 of the die can be cut. 
Using carbide on the force plug and die allows higher feed rates 
and spindle speeds which significantly reduce cutting time. 


The large quantities of tape required for the components 
(17,000 feet for the force plug; 12,000 feet for the die) caused 
delays for two reasons: 


1. Excessive wear on the tape reader and the tape reader 
brake 


2. Actual tape punching errors . 


The excessive wear on the reader and brakes caused the tape to 
s . during cuts due to reading errors. These occurred mostly 
wt.le running long tapes of 600 to 700 feet. In some instances the 
tape could be restarted from that position, but in others it had to 
be restarted from the beginning. Punching errors on the tapes 
occurred for basically the same _ reason. The tape punching 
equipment has a very low failure rate, but when an excessive 
quantity of tape has been processed, it does make errors. When 
this occurred during a dry run of the tape, it necessitated 
stopping the machine and leaving it idle while a new tape was made. 


The only corrective measure rquired is to ascertain that both 
the brakes on the reader used for long tapes and the back-up reader 
on the machine are in excellent condition. This will minimize 
problems of input and parity errors and reduce machining time. The 
problem of punching the tape is resolved when the tape has been 
proven out. The manufacture of a second helmet of the same size 
should be faster. 


A DNC system could be used if it were available. A CNC system 


could also be used if the computer had room to store 600 to 700 p 
feet of tape, as it is this quantity of tape that causes reader a 
problems. \ 
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The complexity of the part and the fact that it was a first- 
time manufacture of this type of item required an operator with a 
high level of competency. This was not a job that a skilled 
operator could sec up and turn over to a less experienced operator; 
it required a top operator from setup to completion. Due to the 
transition of Picatinny Arsenal into ARRADCOM, shop operations were 
severely reduced. Operators were affected by RIF actions and for a 
long period of time, no operator with the appropriate background 
was available. The skilled operator required to run this type of 
job will always be in demand at any installation where the molds 
might be machined. A major factor in scheduling a job of this 
nature is that both the machine and the operator must be available. 


CONCLUSIONS AND RECOMMENDATIONS 
The production of Kevlar helmet molds by numerical control is 
feasible if the production time is reduced. Implementing the 
following recommendations should significantly reduce both 
production time and costs: 


1. Do more roughing on a large NC lathe. 


2. Schedule both the machine and the operator for a 
continuous run and do not interrupt or pre-empt the job. 


3. Use carbide endmills, if available. 


4. Develop better roughing tape for the NC mill when the 
lathe cannot remove metal. 
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Figure 3. Mahogany mold and finished helmet. 
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Figure 4. 


Steel force plug. 
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Figure 5. Steel die mold. 
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APPENDIX A 


SAMPLE FMILL DATA 
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APPENDIX B 


SAMPLE FMILL INPUT DATA (MODIFIED) 
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